Cenderitide is a novel dual natriuretic peptide (NP) receptor chimeric peptide activator, which targets the particulate guanylyl cyclase B (pGC-B) receptor and pGC-A unlike native NPs. Cenderitide was engineered to retain the antifibrotic properties of C-type natriuretic peptide (CNP)/pGC-B with renal-enhancing actions facilitated by fusion to the carboxyl terminus of Dendroaspis NP (DNP), a pGC-A agonist, to CNP. Here, we address significance of the DNP carboxyl terminus in dual pGC receptor activation and actions of cenderitide compared with CNP on renal function and cyclic guanosine monophosphate (cGMP) in vivo and ex vivo in normal canines.
Introduction
Cenderitide (CD-NP) is a novel chimeric natriuretic peptide (NP) currently in clinical trials for heart failure (HF). 1 -3 As a chimeric peptide, cenderitide is a single-chemical entity that possesses two separate functions. 4 Specifically, this novel peptide was engineered unlike native NPs to uniquely co-activate the two particulate guanylyl cyclase (pGC) receptors (pGC-A and pGC-B) so as to take advantage of distinct receptor mediated actions through 3 ′ 5 ′ cyclic guanosine monophosphate (cGMP). 5 In studies by Dickey et al.,
Cenderitide activated pGC-A but less than ANP and was closely equivalent to C-type natriuretic peptide (CNP) in activating pGC-B. Further in vivo, CD-NP like ANP, BNP, and Dendroaspis NP (DNP), and unlike CNP, possesses renal-enhancing actions through pGC-A/cGMP activation. 1 Specifically, cenderitide compared with CNP is a 200-fold greater activator of pGC-A and 5-fold less potent activator of GC-B. Compared with ANP, Cenderitide had 50% potency in activating pGC-A and 40-fold greater GC-B-activating actions also compared with ANP. In contrast, CNP has potent anti-fibrotic properties through pGC-B activation and cGMP generation without renal-enhancing actions. 6, 7 Therefore, to achieve the renal-enhancing and anti-fibrotic properties of dual receptor activation, we designed cenderitide by fusing the 22 amino acid (AA) structure of CNP together with the 15-AA carboxyl terminus of the potent pGC-A agonist DNP, derived from venom of the Dendroaspis angusticeps (eastern green mamba) snake ( Figure 1 ).
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To date, studies have established that cenderitide is more potent than CNP or BNP in inhibiting collagen type 1 gene and protein expressions in cultured human cardiac fibroblasts in vitro, and is natriuretic in normal canines in vivo and has plasma and urinary cGMP-activating properties in normal human volunteers. 1, 3, 11 Further, Dickey and co-workers demonstrated that cenderitide is more resistant to neprilysin (NEP) degradation compared with the native NPs, ANP, BNP, and CNP, in vitro. 12 Thus, cenderitide represents a first in class dual pGC-A/pGC-B-activating chimeric peptide, which does not exist in nature.
The current study was designed with two major goals. First, recognizing the novel structure of cenderitide, we addressed the hypothesis that the 15-AA carboxyl terminus of DNP, which is fused to CNP, uniquely facilitates dual pGC-A and pGC-B activation. To address this hypothesis, we defined the actions of cenderitide on cGMP activation in vitro in human embryonic kidney (HEK) 293 cells selectively overexpressing human pGC-A or pGC-B and compared cenderitide with native CNP and three variants that we designed and synthesized. Specifically, for the variants, we replaced the carboxyl terminus of cenderitide with the carboxyl terminus of ANP (CA-NP), BNP (CB-NP), or MANP (C-MANP), a designer pGC-A activator which is currently in clinical trials for resistant hypertension ( Figure 1) . 13 Our second major goal was to further define the renal actions of cenderitide compared with CNP in vivo and ex vivo using normal canines. First, we compared in vivo the renal actions of cenderitide to CNP in normal canines with a special focus on urinary and renal generation of cGMP, natriuresis, and glomerular filtration rate (GFR). Here we hypothesized that cenderitide would result in greater increases in urinary and renal cGMP generation, natriuresis, and GFR compared with CNP. We also compared cGMP generation in response with cenderitide or CNP in freshly isolated canine glomeruli where pGC-A is highly expressed and where haemodynamic and circulating hormonal influences are not present. 14 We tested the hypothesis that cenderitide would be superior to CNP in activating glomerular cGMP production consistent with the transformation of CNP into a novel NP with renal actions. Thus, these studies were designed to advance our understanding of cenderitide as a novel chimeric NP targeting two distinct NP receptors with therapeutic implications for cardiorenal disease. 
Methods

Peptide synthesis
Cenderitide, CNP, CA-NP, CB-NP, and C-MANP were synthesized by Fmoc solid phase chemistry on a Liberty Peptide Synthesizer (CEM Corp.), as previously described. 1 The structure of each peptide was confirmed by mass spectrometry, and HPLC analysis confirmed the purity of each peptide to be .90%.
Human embryonic kidney 293 cells and cyclic guanosine monophosphate generation in vitro
Human embryonic kidney 293 cells were stably transfected with either human pGC-A or pGC-B using Lipofectamine (Invitrogen, Grand Island, NY, USA) as previously reported. 15 Transfected cells were maintained in Dulbecco's modified Eagle's medium supplemented with 10% foetal bovine serum, 100 U/mL penicillin, 100 U/mL streptomycin, and 250 mg/mL G418 (all reagents from Invitrogen). Cells were plated in 6-well plates and treated. assure no activation of cGMP occurred. Cells were lysed in 300 mL 6% trichloroacetic acid (TCA) and sonicated for 10 min. The samples were ether extracted four times in four volumes of ether, dried, and reconstituted in 300 mL cGMP assay buffer. The samples were assayed using a competitive RIA cGMP kit (Perkin-Elmer, Boston, MA, USA) as previously described.
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In vivo renal function
Male mongrel canines were studied in accordance with the Animal Welfare Act and with the approval of the Mayo Clinic Institutional Animal Care and Use Committee. Dogs were maintained on a Na + -controlled diet (Hill's i/d w canine diet, Hill's Pet Nutrition, Inc., Topeka, KS, USA).
On the evening before in vivo experiments, canines were fasted with ad lib access to water and also received 300 mg lithium carbonate for measurement of tubular sodium handling using the lithium clearance technique. 16 On the day of the experiment, canines were anaesthetized with pentobarbital sodium and fentanyl, and were intubated and mechanically ventilated (Harvard Apparatus, Holliston, MA, USA) with 5 L/min of O 2 (tidal volume 15 mL/kg, 12 cycles/min). The right femoral artery was cannulated for blood pressure monitoring and for blood sampling. The right femoral vein was cannulated for infusion of inulin and normal saline. A saphenous vein was cannulated for peptide infusion. The left kidney was exposed via a flank incision. The ureter was cannulated for timed urine collection. An electromagnetic flow probe was placed on the renal artery for measuring renal blood flow. A weight-adjusted bolus of inulin was given, followed by an inulin infusion (1 mL/min) to achieve plasma levels of 40 -60 mg/dL, for measuring GFR by inulin clearance. Normal saline was infused (1 mL/min) and was temporarily discontinued during peptide infusion (1 mL/min). Following a 60-min equilibration period, a 30-min pre-infusion clearance was obtained. This was followed by a 75-min continuous infusion of cenderitide (n ¼ 10) or CNP (n ¼ 8) at equimolar concentrations (32 mmol/kg/min). After a 15-min lead-in period, two 30-min clearances were obtained during the last 60 min of peptide infusion.
Following a 30-min washout, a post-infusion clearance was obtained. Haemodynamic parameters, urine and blood samples were collected during each clearance. Blood was collected at mid-clearance and was replaced with an equal volume of normal saline. The lithium clearance technique (CL Li ) was used to assess proximal and distal fractional sodium reabsorption (PFR Na and DFR Na , respectively) as follows: 16 Net renal production of cGMP was estimated as: (urinary cGMP × urine flow rate) -(plasma cGMP × GFR).
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Ex vivo cyclic guanosine monophosphate activation in freshly isolated canine glomeruli
For studies of isolated glomeruli, kidneys were immediately harvested and glomeruli were isolated from normal canines (n ¼ 3) as previously described by Supaporn et al. 18 Briefly, the renal cortex was isolated, minced, forced through a 19-gauge needle and centrifuged with Krebs buffer. The pellet was resuspended and washed through sieves with pore sizes of 250 and 212 mm several times to remove tubular fragments. This was followed by further washing through 60 mm sieves. The glomeruli were collected, resuspended, and centrifuged at 2500 rpm. The pellet was finally suspended in ice-cold Krebs buffer (pH 7.4), containing (in mM) NaCl 118. . The yield and the quality of the isolated glomeruli were confirmed by examination under light microscopy. Typically, .90% of glomeruli and ,5% tubular contamination was observed in an aliquot of the final centrifugation. For quantification of cGMP response to the study peptides, aliquots of glomeruli (300 mL, suspended in Krebs buffer) were incubated with cenderitide or CNP (final concentration 10 25 M) for 10 min at 378C (following an initial 10 min of pre-incubation) in the presence of isobutylmethylxanthine (0.3 mM) in a final volume of 500 mL. The controls consisted of the same composition with the exception that Krebs buffer was used instead of glomeruli suspended in Krebs buffer. The reaction was terminated by the addition of TCA (300 mL of ice-cold TCA) and centrifuged. An 800 mL supernate aliquot was extracted with ether for cGMP assay and the remaining supernate was neutralized with 1 N NaOH and analysed in a protein assay (BCA protein assay, Pierce Biotechnology, Rockford, IL, USA).
Assays for in vivo studies
Cyclic GMP was measured by radioimmunoassays (RIA). 1 All blood and urine samples were placed immediately on ice after collection. Urine for cGMP measurement was heated to .908C to eliminate phosphodiesterase activity prior to storage at 2808C. Following centrifugation (2500 rpm, 48C), plasma was aliquoted and stored at 2808C until analysis. Urine volume, sodium, and cGMP were measured using a competitive RIA cGMP kit (Perkin-Elmer, Boston, MA, USA) as previously described. 1 Inulin was determined by the anthrone method. 19 
Data analysis
Results are reported as mean + SEM. For cell culture studies, each experiment was performed in triplicate. Differences between groups were made using unpaired t-tests. Physiologic parameters in study groups were compared with one-way analysis of variance (ANOVA) or repeated measures ANOVA. The normal distribution was tested with uninvariate analysis. Specifically, clearances from 16th to 45th min and from 46th to 75th min following initiation of peptide infusion are denoted by '30' and '60 min', respectively. Within each group, parameters at 30 and 60 min of peptide infusion, and post-infusion were compared with pre-infusion values by one-way ANOVA for repeated measurements followed by post hoc Dunnett's multiple comparison test, where applicable. Comparisons between groups were made by two-way AN-OVA followed by Bonferroni post-test. GraphPad Prism 5 (GraphPad Software, San Diego, CA, USA) was used for statistical analysis.
Results
In vitro cyclic guanosine monophosphate generation in human embryonic kidney 293 particulate guanylyl cyclase A or particulate guanylyl cyclase B overexpressing cells
Human HEK 293 cells, which are devoid of endogenous pGC receptors, were stably transfected with human pGC-A or pGC-B. Cells were treated with CNP, cenderitide, CA-NP, CB-NP, or C-MANP and assessed for cGMP production and compared with no treatment (Figures 1 and 2) . Our results confirm previous reports that cenderitide activates both human pGC-A and pGC-B and significantly increases cGMP. Indeed, cenderitide augmented cGMP in pGC-A overexpressing cells 20-fold greater than CNP while Cenderitide's activation of cGMP in pGC-B cells was 80% of that stimulated by CNP, a potent and selective pGC-B activator. The importance of the carboxyl terminus of DNP in providing Cenderitide's ability to co-activate pGC-A/pGC-B is revealed using three variants with differing carboxyl termini. CA-NP, the variant in which the DNP carboxyl terminus was replaced with the 5 AA of ANP increased cGMP production but the increase was reduced by 60% in pGC-A cells. CA-NP modestly, although significantly, activated cGMP in pGC-B cells. However, this activation was at an 80% reduced level compared with cenderitide. CB-NP, which possesses the 6 AA carboxyl terminus of BNP, significantly but modestly, increased cGMP in pGC-A cells when compared with no treatment.
CB-NP, similar to CA-NP, modestly but significantly increased cGMP in pGC-B cells. C-MANP, like cenderitide, possesses a novel and long 17 AA carboxyl terminus derived from MANP, which is a potent pGC-A agonist and is now in clinical trials for resistant hypertension. C-MANP also modestly increased cGMP production in both pGC-A or pGC-B cells when compared with no treatment but markedly less compared with cenderitide. Thus, these in vitro studies demonstrate that the carboxyl terminus of DNP, which is fused to native CNP, facilitates dual pGC-A and pGC-B activation and cannot be reproduced by alternative carboxyl-terminal AA sequences of other test pGC-A agonists.
In vivo renal function Figure 3 reports plasma cGMP, urinary excretion of cGMP, and net renal generation of cGMP in response to cenderitide or CNP in normal canines. Cenderitide significantly increased plasma cGMP and urinary cGMP excretion compared with CNP 5-fold. Cenderitide also significantly increased net renal generation of cGMP, a measure of cGMP production in the kidney also 5-fold. In contrast, CNP modestly increased plasma cGMP while urinary cGMP excretion and net renal generation of cGMP were unchanged. Renal excretory and haemodynamic function is reported in Figure 4 and Table 1 . Cenderitide resulted in significantly greater increases in urine flow when compared with CNP, with significant differences between groups (Figure 4) . With regarding to urinary sodium excretion, cenderitide increased natriuresis 8-fold greater than CNP (Figure 4) . Both proximal fractional reabsorption of sodium (PFR Na ) and distal fractional reabsorption of sodium (DFR Na ) significantly decreased in the cenderitide group but not in the CNP group ( Table 1) . Glomerular filtration rate increased with cenderitide but not with CNP (Table 1) ; however, GFR at baseline was lower in the cenderitide group. There was no significant change in renal blood flow with either peptide. Mean arterial pressure was unchanged with infusion of cenderitide or CNP. 
CD-NP and renal actions
Activation of cyclic guanosine monophosphate ex vivo in isolated canine glomeruli
As enhancing renal function such as GFR is an important mechanism of natriuresis as well as a therapeutic goal in renal protection in HF, we sought to determine the direct acute actions of cenderitide compared with CNP upon cGMP generation in freshly isolated canine glomeruli in the absence of systemic cardiovascular haemodynamics and circulating neurohumoral mediators. Our findings of cGMP generation in freshly isolated normal canine glomeruli are illustrated in Figure 5 . CNP (10 25 M) significantly but modestly increased cGMP in isolated canine glomeruli compared with control (Blank). At equimolar concentrations cenderitide markedly activated cGMP eight-fold greater than CNP. Thus, cenderitide in isolated glomeruli is a more potent activator of renal cGMP than CNP consistent with the ability of cenderitide to activate pGC-A, which is highly expressed in glomeruli. 
Discussion
Cenderitide represents a novel chimeric NP currently in clinical trials for HF. 1, 3 The present study confirms the ability of cenderitide to co-activate both pGC-A and pGC-B receptors in vitro. 5,15 Importantly, our studies demonstrated that the carboxyl terminus of DNP, derived from venom of the eastern green mamba snake, optimizes dual pGC-A and pGC-B activation, which cannot be mimicked by carboxyl termini from other pGC-A activators. Moreover, in freshly isolated canine glomeruli free of the influence of systemic haemodynamics or circulating hormones, cenderitide was 8-fold greater than CNP in increasing glomerular production of cGMP, which is consistent with the concept that the carboxyl terminus of DNP successfully transforms CNP into a renal-enhancing peptide. Our in vivo studies in normal canines demonstrated cenderitide increased plasma cGMP 5-fold greater than CNP and markedly increased urinary cGMP excretion and net renal generation of cGMP. This renal activation of the cGMP system was associated with natriuresis and diuresis and an increase in GFR with cenderitide infusion. The endogenous NPs are genetically distinct but share structural similarities. ANP, BNP, CNP, and DNP all possess a 17-AA disulphide ring with distinct and common AAs in each ring. 20 Unlike the 17-AA disulphide bridge rings, these four NPs possess heterogeneous amino and carboxyl termini. These termini in part provide resistance to degradation to NEP. 21 Importantly, the current study supports a key role of the carboxyl terminus of DNP in interacting with the pGC-A receptor. A key property of cenderitide is the ability of this CNP ring-based peptide to co-activate pGC-A in addition to pGC-B. One may conclude that the carboxyl terminus of cenderitide, represented by the 15-AA carboxyl terminus of DNP, mediates activation by the CNP ring of the pGC-A receptor. Indeed in seminal studies, Ogawa advanced the concept that the carboxyl terminus of ANP interacted with the extracellular domain of pGC-A to optimize receptor activation. 22 The ability of cenderitide to activate pGC-A therefore suggests that the CNP ring can activate pGC-A, but such activation must require a carboxyl terminus to facilitate pGC-A binding by a CNP ring as suggested by the lack of or minimal cGMP activation by the three variants.
In the current studies, we designed and synthesized three variants of CNP. These three variants were CA-NP, CB-NP, and C-MANP, which respectively were fusion peptides in which the carboxyl termini of ANP, BNP, or MANP were fused to CNP. CA-NP, CB-NP, and C-MANP were weak activators of both pGC-A and pGC-B. Thus cenderitide represents a novel dual pGC-A and pGC-B receptor activator that requires the specific structural AA and/or length of the carboxyl terminus of DNP. Further structural and biological studies should be pursued to understand the unique interactions of cenderitide with pGC-A and pGC-B and it's favourable cardiorenal protective properties. The in vivo renal actions of cenderitide, compared with CNP also support the transformation of CNP into a renal-activating peptide. CNP lacked renal actions with no increase in urinary cGMP excretion or augmentation of net renal generation of cGMP. In clear contrast, cenderitide possesses potent cGMP-activating properties in the kidney with greater increases in urinary cGMP excretion and renal generation of cGMP in vivo. This is complemented by significantly greater increases in plasma cGMP with cenderitide, which may reflect pGC-A activation systemically, and/or spillover of cGMP from the renal venous effluent into the general circulation. While cenderitide-induced natriuresis may be secondary to the increase in filtered load of sodium as GFR increased, cenderitide also reduced fractional reabsorption of sodium both at the proximal and distal nephron as determined by the lithium clearance technique. In contrast, CNP was unassociated with changes in sodium reabsorption at these two nephron sites. This result is consistent with the human study that reported the lack of natriuresis with short-term infusion of CNP. 7 Thus, the fusion of the carboxyl terminus of DNP to CNP successfully transforms CNP into cenderitide, a potent renal-enhancing and cGMP-activating chimeric NP. With regard to the kidney, Lisy et al. previously compared the renal response in vivo between cenderitide and BNP. While both BNP and cenderitide are natriuretic, cenderitide increased GFR greater than BNP and was less hypotensive. 1 In the current study, we sought to establish that cenderitide activates the cGMP system better than CNP. Our findings demonstrate that cenderitide is 8 fold more potent in activating glomerular cGMP production than CNP and such results are consistent with transforming CNP into a pGC-A activating and a renal acting peptide. The greater activation of cGMP by cenderitide in glomeruli also has physiological significance as cenderitide in vivo increased GFR and urinary sodium excretion, while no change in GFR or sodium excretion was observed with CNP. The current studies have physiological and therapeutic implications. CNP is thought to be the oldest member in the evolution of a family of NPs although CNP lacks renal actions. 23 Its structure is the simplest in terms of lacking a carboxyl terminus, which renders it highly selective for pGC-B and studies suggest that its lack of a carboxyl terminus results in it being highly susceptible to enzymatic degradation by NEP. 24 Its physiological actions are linked via pGC-B to bone growth, inhibition of fibrosis, and endothelial regeneration. 6, 20, 25 Indeed, Sangaralingham and co-workers have reported that circulating CNP decreases with age and a relative CNP deficiency may play therefore play a permissive role in the fibrogenesis of aging. 26 In contrast, pGC-A, which is activated by ANP, BNP, and DNP, plays a more central role in body fluid homeostasis promoting natriuresis, vasodilation, and reductions in intravascular volume. 27, 28 Cenderitide therefore emerges as a true first-in-class designer peptide that takes advantage of properties of both pGC-B and pGC-A activation, the latter as clearly demonstrated in the current study. In addition, as reported by Dickey et al., cenderitide is highly resistant to degradation by NEP. Specifically, CD-NP is more resistant to degradation by NEP than ANP, BNP or CNP which adds another important attractive therapeutic property as NEP inhibitors have proven efficacy in cardiovascular disease and this high resistance to NEP degradation could contribute to the enhanced biological actions of cenderitide.
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The current study also has relevance to the emerging therapeutic strategy of multivalency. Multivalency is built upon the concept of chimeric technology in which a peptide like cenderitide or a small molecule like LCZ696 (entresto) targets more than one pathway. 30 As cenderitide targets two pGC receptors, it optimizes cGMP-dependent actions beyond what selective native peptides such as ANP (carperitide), which is for the treatment of HF in Japan, and BNP (nesiritide) that is approved in the USA and Canada for HF. 31, 32 Entresto, which has recently been FDA approved for HF with reduced ejection fraction, simultaneously targets the AT1 receptor and NEP to antagonize the deleterious actions of angiotensin II and promote the beneficial properties of the native endogenous NPs (ANP, BNP, and CNP). 29, 33 Indeed, such multivalency is emerging in metabolic disease with the development an innovative new glucagon and GLP-1 co-agonists for obesity. 34 The current studies have limitations. We did not compare the cGMP-activating properties of cenderitide to ANP and BNP in HEK293 cells; however, this comparison has been previously reported. 5 We also did not compare cenderitide to ANP and/or BNP in glomeruli nor in normal canines, although we have reported the comparison of BNP with cenderitide on enhancing GFR with less hypotension. 1 Additional studies that more clearly differentiate native and designer peptides are needed.
In conclusion, cenderitide represents a new generation first-inclass chimeric NP engineered to co-activate both pGC-A and pGC-B, unlike the native NPs thus maximizing the activation of this important cGMP system. Importantly, our studies also establish that dual pGC-A and pGC-B activation with CNP, evolution's oldest endogenous NP, can be achieved with fusion to the carboxyl terminus of DNP which is derived from the venom of the eastern green mamba snake. Importantly, fusion of the carboxyl terminus of ANP, BNP, or another pGC-A-specific designer MANP to CNP fails to mimic the dual receptor activation achieved with cenderitide. In vivo in normal canines cenderitide transforms CNP into a natriuretic and GFR-enhancing peptide with renal cGMP activation. In freshly isolated canine glomeruli, ex vivo Cenderitide activates cGMP eight-fold greater than CNP. Future studies of cenderitide are clearly warranted in cardiorenal disease states to explore its efficacy in cardiorenal protection and in overall cardiorenal homeostasis.
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